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Abstract 30 

Memory impairment in chronic pain patients is substantial and common, and few therapeutic 31 

strategies are available. Chronic pain-related memory impairment has susceptible and 32 

unsusceptible features. Therefore, exploring the underlying mechanisms of its vulnerability is 33 

essential for developing effective treatments. Here, combining two spatial memory tests (Y-34 

maze test and Morris water maze), we segregated chronic pain mice into memory impairment-35 

susceptible and -unsusceptible subpopulations in a chronic neuropathic pain model induced by 36 

chronic constrictive injury of the sciatic nerve. RNA-seq analysis and gain/loss-of-function study 37 

revealed that S1P/S1PR1 signaling is a determinant for vulnerability to chronic pain-related 38 

memory impairment. Knockdown of the S1PR1 in the DG promoted a susceptible phenotype 39 

and led to structural plasticity changes of reduced excitatory synapse formation and abnormal 40 

spine morphology as observed in susceptible mice, while overexpression of the S1PR1 and 41 

pharmacological administration of S1PR1 agonist in the DG promoted an unsusceptible 42 

phenotype and prevented the occurrence of memory impairment, and rescued the 43 

morphological abnormality. Finally, GO enrichment analysis and biochemical evidence indicated 44 

that down-regulation of S1PR1 in susceptible mice may impair DG structural plasticity via 45 

interaction with actin cytoskeleton rearrangement-related signaling pathways including Itga2 and 46 

its downstream Rac1/Cdc42 signaling and Arp2/3 cascade. These results reveal a novel 47 

mechanism and provide a promising preventive and therapeutic molecular target for 48 

vulnerability to chronic pain-related memory impairment.  49 

 50 
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Introduction 58 

 59 

Clinical and preclinical studies have demonstrated that chronic pain impairs memory or 60 

accelerates memory decline (1-3). Memory impairment is also a potential contributing factor to 61 

the maintenance of chronic pain and poor treatment response (2, 4, 5). Although memory 62 

deficits in chronic pain patients are substantial and common, some clinical observations indicate 63 

high heterogeneity (1, 6), suggesting that chronic pain-related memory impairment exhibits 64 

susceptible and unsusceptible features. However, few preclinical studies model this clinical 65 

scenario and explore its underlying mechanisms.  66 

Findings from both human and animal studies have indicated that cognitive dysfunction 67 

associated with chronic pain is linked to structural and functional deficits within the hippocampus 68 

(7-11). In particular, the dentate gyrus (DG), as part of the hippocampus, plays a crucial role in 69 

memory formation processing (12, 13). The DG has been postulated to perform a variety of 70 

mnemonic tasks, such as pattern separation (14), novelty detection (15), and processing 71 

information related to spatial contexts (16). Nevertheless, the impact of pain-related cognitive 72 

syndromes on the dendritic morphologies of DG neurons, such as dendritic complexity, is 73 

inconsistent across different studies (7, 8, 17), and the molecular mechanisms remain minimally 74 

understood. The principal cell type of the DG is the dentate granule cells (DGCs), which are 75 

divided into immature and mature ones (18). Immature newborn DGCs undergo neurogenesis 76 

and play key roles in learning and memory due to their high excitability and enhanced synaptic 77 

plasticity (19, 20). Our previous study found that mice with chronic pain-related memory 78 

impairment showed significantly reduced adult neurogenesis in the DG (9). Contrarily, mature 79 

DGCs are less excitable and exhibit reduced synaptic plasticity to an extent, but emerging 80 

evidence suggests that this cell population is equally recruited in memory formation (21-25). It is 81 

intriguing to understand how mature DGCs would change in the state of chronic pain and by 82 

what molecular mechanism they facilitate chronic pain-related memory impairment. 83 

Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid metabolite, functioning as a key 84 

signaling molecule in a variety of cellular processes, such as cell division, adhesion, migration, 85 

and death (26-28). S1P acts both through extracellular and intracellular modes (27-29). In its 86 

extracellular mode, increasing evidence has suggested that the S1P system is a modulator of 87 

pain and memory processing pathways through S1P receptors 1-5 (S1PR1-5), particularly 88 

S1PR1. For instance, in models of traumatic nerve injury, astrocyte-mediated S1PR1 89 
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neuroinflammation contributes to central sensitization through increased S1P production and IL-90 

1β release in the spinal cord, and beneficial effects of pain alleviation can be observed following 91 

IL-10-dependent S1PR1 antagonism (30). While there is evidence on S1P signaling regulating 92 

pain perception in the spinal cord, its role in higher pain centers remains largely unexplored. In 93 

regard to S1P function in memory processing, a recent study has hinted at the possibility of 94 

CNS S1PR1 agonism in the cellular repositioning of new DGCs and in regulating the integration 95 

of new neurons into pre-existing circuits, which may govern the process of memory formation 96 

(31). Additionally, activation of S1PR1 after traumatic brain injury in rats can significantly 97 

enhance neurogenesis and neurocognitive function (32). Importantly, increasing evidence 98 

suggests that the S1P receptor signaling pathway has profound effects on the regulation of 99 

synaptic strength, including modulating synaptic architecture and plasticity, and mediating 100 

excitatory synaptic transmission in the hippocampus (33-35). However, there is limited 101 

understanding regarding the involvement of S1P signaling in chronic pain-related memory 102 

impairment, as well as the interactive pathways that may underlie the effects. 103 

In the present study, by employing an array of techniques including rodents-based behavioral 104 

tests, RNA-Seq, imaging, pharmacological and biochemical approaches, we elucidated a pivotal 105 

role of S1PR1 within the hippocampal DG in the context of chronic pain associated memory 106 

impairment. Memory impairment-susceptible mice exhibited decreased S1PR1 expression in 107 

the hippocampal DG. Knockdown of S1PR1 in the DG facilitated the development of a 108 

vulnerable phenotype and led to abnormal structural plasticity in DGCs. Conversely, 109 

overexpression of S1PR1 or pharmacological administration of an S1PR1 agonist in the DG, 110 

promoted an unsusceptible phenotype, thereby averting the onset of memory impairment, and 111 

alleviated morphological abnormalities in DGCs. Subsequent mechanistic investigation 112 

demonstrated that, loss of S1PR1 in the DG results in actin dysregulation via interaction with 113 

integrin α2 (ITGA2) and its downstream Rac1/Cdc42 signaling and Arp2/3 cascade, leading to 114 

abnormal structural synaptic plasticity and ultimately causes memory impairment. Taken 115 

together, this study identified potential molecular mechanisms and promising therapeutic targets 116 

for preventing and treating vulnerability to memory impairment associated with chronic pain. 117 

 118 
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Results 119 

Segregation of chronic pain mice into memory impairment-susceptible and -120 

unsusceptible subpopulations 121 

We utilized sciatic nerve chronic constriction injury (CCI) in C57BL/6J mice 122 

to model chronic pain state and tested the memory performance of mice with chronic 123 

neuropathic pain. CCI induced long-lasting mechanical allodynia (Supplemental Figure 1A) and 124 

thermal hyperalgesia (Supplemental Figure 1B). No significant change in locomotor functions 125 

was observed in these injured mice (Supplemental Figure 1C and 1D). Consistent with our 126 

recent study (9), only chronic (21~28 days, referred to as CCI-Chronic) and not acute (5~7 127 

days, referred to as CCI-Acute) exposure to constrictive injury-induced neuropathic pain 128 

impaired spatial memory formation in both Y-maze test (Figure 1A, B, D, E) and Morris water 129 

maze (MWM) test (Figure 1A, C, F, G).  130 

To investigate whether memory impairment has susceptible and unsusceptible features in CCI-131 

induced chronic neuropathic pain mice, we analyzed results from Y-maze and MWM tests using 132 

the k-means clustering algorithm and segregated into two clusters in a large number of CCI 133 

mice (k=2). After assigning each data point to its closest k-center, we drew a median between 134 

both the centroids as a cutoff value. One cluster, including mice displaying a ratio of time more 135 

than the cutoff value, was defined as the unsusceptible mouse cluster. The other cluster, 136 

including mice exhibiting a ratio of time less than the cutoff value, was defined as the 137 

susceptible mouse cluster. Using this algorithm, a ratio of 40% (percent time spent in the novel 138 

arm) and a ratio of 36% (percent time in the target quadrant) were set as cutoff values for Y-139 

maze test (Figure 1E, left) and MWM test (Figure 1G, left), respectively. Accordingly, in the Y 140 

maze test, 43% of CCI-Chronic mice were unsusceptible, and the remaining 57% were 141 

susceptible (Figure 1E, right). In the MWM test, 52% of CCI-Chronic mice were unsusceptible, 142 

and 48% were susceptible (Figure 1G, right).  143 

We then used a four-quadrant chart to plot the data of CCI-Chronic mice memory performance 144 

for examining the consistency between the two behavioral assays. One variable, the percent 145 

time in the quadrant, was represented on the x-axis, and another variable, the percent time in 146 

the novel arm, was represented on the y-axis. The quadrants are determined by dividing the 147 

chart into four parts based on the cutoff values of Y-maze and MWM tests. As shown in the 148 

chart (Figure 1H, left), quadrant 1 (top right) and 3 (bottom left) respectively displayed 149 
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unsusceptible and susceptible mice in both Y-maze and MWM tests, while quadrant 2 (top left) 150 

and 4 (bottom right) displayed mice unsusceptible in one test but susceptible in the other one. 151 

The bar graph (Figure 1H, right) showed that the majority of CCI-Chronic mice exhibited 152 

consistent memory performance in the two behavioral tests (Susceptible: 47%; unsusceptible: 153 

43%), and only 10% of mice displayed susceptibility in a single test (Y maze: 8%; MWM, 2%), 154 

suggesting good agreement between the two different assays. Given that the MWM test cannot 155 

be conducted once a week for multiple repeated measurements for the same batch of mice, the 156 

Y maze test was used to investigate the duration of memory impairment induced by chronic 157 

pain. The results showed that memory impairment can last at least 63 days post CCI surgery, 158 

providing a workable time window for further investigations (Supplemental Figure 2A, B).  159 

We next examined whether the susceptibility or insusceptibility to memory impairment in mice 160 

with chronic pain is associated with the pain threshold. Linear regression, followed by a 161 

goodness-of-fit measure of R-squared (r2), was used to determine the correlation between the 162 

two variables: percent time spent in the novel arm and pain threshold, or percent time in the 163 

target quadrant and pain threshold. The statistics revealed no correlation between memory 164 

performance for each mouse against its thermal pain threshold (r2=0.04, Supplemental Figure 165 

3A; r2=0.05, Supplemental Figure 3B). Furthermore, we administered the CCI-Chronic mice with 166 

the selective COX-2 inhibitor NSAID analgesic meloxicam. Recommended doses for meloxicam 167 

in mice range from 1 to 10 mg/kg i.p. (36), and the duration of action (10mg/kg) lasts at least 24 168 

hrs on day 7 post intraperitoneal injection once daily (Supplemental Figure 4). Here, CCI-169 

Chronic mice were subjected to pain treatment by meloxicam (10mg/kg) for 7 days (once daily 170 

from day 28 to 34 post CCI) (Figure 1I). During the duration of analgesic effects (day 34~35 171 

post CCI) (Figure 1I), we conducted the Y-maze test and found that the analgesia could not 172 

relieve the memory impairment (Figure 1J). Consistently, the percentage of susceptible and 173 

unsusceptible mice remained stable (Figure 1K), further indicating that the susceptibility or 174 

insusceptibility to memory impairment is marginally correlated with the pain tolerance of mice.  175 

 176 

S1PR1 expression is decreased in the hippocampal DG of susceptible mice 177 

Hippocampal DG plays a vital role in learning and memory formation. To identify molecular 178 

mechanisms possibly contributing to susceptibility to memory impairment, we analyzed the 179 

hippocampal DG by RNA-Seq on day 28 after CCI when the mice with chronic pain were 180 
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segregated into unsusceptible and susceptible subpopulations by Y-maze and MWM tests. We 181 

detected a total of 510 differentially expressed genes (DEGs) between Sham and susceptible 182 

mice, with 330 genes (65%) upregulated and 180 genes (35%) downregulated (Figure 2A). We 183 

noticed that KEGG analysis revealed significant enrichment of six downregulated genes in the 184 

lipid metabolism pathway for Sham versus susceptible mice (Figure 2B and 2C). Combining the 185 

trend analysis of Sham versus unsusceptible versus susceptible mice, we found in the trend 186 

pattern of Figure 2D (Left: Sham; middle, unsusceptible; right: susceptible), sphingolipid 187 

metabolism was significantly enriched (Figure 2E). In particular, transcription of Sptlc3 was 188 

downregulated (Figure 2C and 2E). Sptlc3 encodes the subunit of the serine 189 

palmitoyltransferase (SPT) which catalyzes the rate-limiting step in sphingolipid biosynthesis 190 

(37). Defective SPT leads to disturbed sphingolipid homeostasis and failure of the subsequent 191 

production of metabolites such as glucosylceramide (38) and sphingosine 1-phosphate (S1P) 192 

(39), contributing to the occurrence of biological disorders. Previous studies have found that 193 

S1P/S1PR1 signaling is highly involved in hippocampus-engaged behaviors (31), we then 194 

verified the expression of S1PR1 in the hippocampal DG by Western blotting (WB), with no 195 

change of S1PR1 observed on day 7 after CCI (Figure 2F and 2H) but significant 196 

downregulation in susceptible mice compared with Sham and unsusceptible ones (Figure 2G 197 

and 2I).  198 

Furthermore, we characterized the expression profile of S1PR1 in the hippocampal DG. 199 

Immunofluorescence staining results showed that S1PR1 was mostly co-expressed with 200 

neuronal nuclear protein (NeuN) in neurons and merely co-expressed with glial fibrillary acidic 201 

protein (GFAP) in astrocytes or ionized calcium-binding adaptor molecule 1 (Iba1) in microglia 202 

(Supplemental Figure 5A and 5C). We also detected S1PR1 was highly co-expressed with 203 

calcium-calmodulin (CaM)-dependent protein kinase II (CaMKII)-expressing excitatory neurons 204 

but sparsely with glutamic acid decarboxylase 67 (GAD67)-expressing inhibitory neurons 205 

(Supplemental Figure 5B and 5D). Taken together, these findings raised the possibility that 206 

S1P/S1PR1 may participate in the occurrence of chronic pain-related memory impairment. 207 

 208 

Knockdown of S1PR1 in the hippocampal DG promotes memory impairment 209 

susceptibility 210 
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To figure out the causal link between S1PR1 and chronic pain-related memory impairment, we 211 

generated recombinant adeno-associated virus 2/9 (AAV2/9) expressing a small hairpin RNA 212 

targeting S1PR1 (rAAV-CaMKIIa-EGFP-5’miR-30a-shRNA(S1pr1)-3’-miR30a-WPREs, the 213 

shRNA sequence is provided in Supplemental Table 1). Following the schematic experimental 214 

procedure shown in Figure 3A, intra-DG injection was conducted (Figure 3B and Supplemental 215 

Figure 6A). We first confirmed the knockdown efficiency of the virus in the hippocampal DG 216 

using WB (Figure 3C). We then examined the effects of knockdown of S1PR1 in the DG on pain 217 

threshold. Compared with mice expressing scramble shRNA, mice expressing shS1pr1 in the 218 

DG had no effects on pain sensation (Figure 3D). Next, we assessed the effects of loss of 219 

S1PR1 in the DG on memory-related behaviors. In the Y-maze test, reduction of S1PR1 220 

worsened the performance of Sham-treated mice by reducing the distance travelled and time 221 

spent in the novel arm, as well as enhancing the memory impairment of CCI-treated mice 222 

(Figure 3E). The results were consistent in the MWM test (Figure 3F). Consequently, 223 

knockdown of S1PR1 in the CCI-treated mice led to more susceptible mice (up to 86%) to 224 

memory impairment (Figure 3G). Thus, the above results suggest that DG S1PR1 exerts a 225 

negative regulatory effect on chronic pain-related memory impairment. 226 

 227 

Upregulation of S1PR1 in the hippocampal DG prevents the development of memory 228 

impairment susceptibility 229 

To gain a deeper understanding of the functional consequences of enhanced S1P/S1PR1 230 

signaling in the hippocampal DG, we generated recombinant adeno-associated virus 2/9 231 

(AAV2/9) expressing the S1PR1 coding sequence (rAAV-CaMKIIa-S1pr1-P2A-EGFP-WPRE-232 

hGH-polyA, sequence referred to Supplemental Table 1). Following the experimental flowchart 233 

depicted in Figure 4A, intra-DG injection was conducted (Figure 4B and Supplemental Figure 234 

6B). We first confirmed the overexpression efficiency of the virus in the hippocampal DG using 235 

WB (Figure 4C). Next, we assessed how S1PR1 overexpression in the DG affected pain 236 

threshold. Compared with the mice expressing the scramble shRNA, mice overexpressing 237 

S1PR1 in the DG had no effects on pain sensitization (Figure 4D). We then examined whether 238 

overexpression of S1PR1 in the DG influences chronic pain-related memory impairment 239 

according to behavioral paradigms of Y-maze and MWM tests. In the Y-maze and MWM tests, 240 

overexpression of S1PR1 in CCI-treated mice significantly improved the spatial memory 241 
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formation by promoting insusceptibility to memory impairment (up to 82%), but had no obvious 242 

effects on Sham-treated mice (Figure 4E-G).  243 

A previous study demonstrated that chronic administration of the selective S1PR1 agonist 244 

SEW2871 for 14 days inhibited the reduction of S1PR1 expression and improved impaired 245 

spatial memory in rats (40). The dose used in the study (40, 41) was effective to induce 246 

biological responses without causing kidney and liver injuries (41). We then investigated 247 

whether a continuous 14-day local infusion of SEW2871 in the DG from day 7 post CCI could 248 

inhibit the reduction of S1PR1 expression and confer insusceptibility to memory impairment. For 249 

this purpose, a cannula was implanted into the DG of mice, and the S1PR1 agonist SEW2871 250 

at a dose of 0.7mg/kg/day (40) was administered into the DG from day 7 to 21 post CCI surgery 251 

(Figure 5A and 5B). WB analysis revealed that bilateral DG injection of S1PR1 agonist 252 

SEW2871 inhibited the reduction of S1PR1 expression (Figure 5C), but did not alter the basal 253 

nociception of thermal stimuli (Figure 5D). In contrast, intra-DG administration of SEW2871 in 254 

CCI-treated mice significantly increased the distance traveled and time in the novel arm in the 255 

Y-maze (Figure 5E), decreased escape latency and increased percent time in the quadrant in 256 

the MWM (Figure 5F), resulting in an increased ratio (up to 80%) of unsusceptible mice (Figure 257 

5G). Thus, it can be inferred from the above observations that upregulation of S1PR1 in the 258 

hippocampal DG promotes insusceptibility to chronic pain-related memory impairment. 259 

 260 

S1PR1 deficiency in the hippocampal DG modulates structural plasticity of DGCs 261 

We next questioned how DG S1P/S1PR1 signaling modulates memory impairment. Adult 262 

neurogenesis enhances the plasticity of the hippocampus (42), as well as preexisting granule 263 

neurons of the DG undergo dynamic alterations that include dendritic extension and retraction, 264 

synapse creation, and elimination (43). Given that almost all the excitatory inputs from all 265 

sources towards DGCs are situated on their dendritic spines while the inhibitory connections are 266 

distributed in different layers (18), we decided to examine the morphological changes of 267 

excitatory synapses which technically facilitates our observation. First, we utilized transmission 268 

electron microscope (TEM) to observe changes in the number of excitatory synapses and 269 

postsynaptic densities (PSD) in mice expressing shs1pr1 and scrambled shRNA (Figure 6A). In 270 

line with the behavioral tests, Sham-shS1pr1 mice showed a decreased number of excitatory 271 

synapses (Figure 6B), accompanied by a shorter PSD length and width compared with Sham-272 

Scramble mice (Figure 6C). Furthermore, Golgi staining (Figure 6D) revealed that Sham-273 

shS1pr1 mice had a lower dendritic intersection number (Figure 6E), shortened total dendritic 274 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 8, 2024. ; https://doi.org/10.1101/2024.05.30.596721doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.30.596721
http://creativecommons.org/licenses/by/4.0/


 

 

10 

 

length (Figure 6F), decreased mushroom/stubby type (Figure 6G, left) spines, and no change in 275 

thin/filopodia type (Figure 6G, right) dendritic spines. Additionally, CCI-shS1pr1 mice showed 276 

even more pronounced phenotypes as described above compared with CCI-Scramble mice 277 

(Figure 6A-6G).  Additionally, overexpression of S1PR1 in the DG significantly restored 278 

structural synaptic plasticity by increasing the number of excitatory synapses, PSD length and 279 

width (Figure 7A-C). Golgi staining results revealed that the intersection number of dendritic 280 

branches (Figure 7D-E), the total length of dendrites (Figure 7F), and the number of 281 

mushroom/stubby type dendritic spines (Figure 7G, left) increased in response to the 282 

intervention. Consistently, TEM images and Golgi staining revealed that continuous activation of 283 

S1PR1 in the DG significantly prevented the occurrence of defective synaptic plasticity (Figure 284 

7H-N), indicating that activation of S1PR1 in the DG confers insusceptibility to memory 285 

impairment.  286 

Next, we assessed whether the above structural plasticity changes can be observed in 287 

susceptible mice. First, we examined the number of neurons between susceptible and 288 

unsusceptible mice by staining for NeuN. The statistical result showed that the number is not 289 

grossly different between the two populations (Supplemental Figure 7). We then found that the 290 

synaptic structural plasticity in the hippocampal DG is disrupted in susceptible mice, but not in 291 

Sham and unsusceptible ones. TEM was also used to observe changes in the number of 292 

excitatory synapses and postsynaptic densities (PSD) (Supplemental Figure 8A and 8H). The 293 

results showed that 7-day CCI mice exhibited a similar number of excitatory synapses 294 

(Supplemental Figure 8B), as well as PSD length and width, to Sham mice (Supplemental 295 

Figure 8C). On day 21 post CCI, susceptible mice displayed a decreased number of excitatory 296 

synapses (Supplemental Figure 8I), accompanied by shortened PSD length and width 297 

compared with unsusceptible and Sham mice (Supplemental Figure 8J). Furthermore, Golgi 298 

staining was utilized to identify the dendritic formation and spine morphology (Supplemental 299 

Figure 8D and 8K). 7-day CCI mice showed no altered dendritic intersection number 300 

(Supplemental Figure 8E), total dendritic length (Supplemental Figure 8F), mushroom/stubby 301 

type (Supplemental Figure 8G, left) and thin/filopodia type (Supplemental Figure 8G, right) 302 

dendritic spines. On day 21 post CCI, susceptible mice displayed a decreased dendritic 303 

intersection number (Supplemental Figure 8L), shortened total dendritic length (Supplemental 304 

Figure 8M), and a decreased number of mushroom/stubby type dendritic spines (Supplemental 305 

Figure 8N, left) compared with unsusceptible and Sham mice. However, there were no changes 306 

in the number of thin/filopodia type (Supplemental Figure 8N, right) dendritic spines. Overall, 307 
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these findings suggest that the variation in structural plasticity of the hippocampal DG underlies 308 

susceptibility and insusceptibility to chronic pain-related memory impairment, and it is 309 

modulated by S1P/S1PR1 signaling. 310 

 311 

Defective S1P/S1PR1 signaling induced dysregulation of actin cytoskeleton organization 312 

in susceptible mice 313 

Neuronal structural plasticity, such as morphogenesis of dendrites and dendritic spines, is 314 

primarily regulated by the actin cytoskeleton (44, 45). Disruption of normal actin organization 315 

has been associated with numerous neurological and psychiatric diseases (46). It has been 316 

demonstrated that S1P/S1PRs modulate significant cytoskeletal rearrangements in various 317 

cellular systems through actin regulatory proteins such as Rho GTPases, including Rac1 and 318 

Cdc42 (28, 47). These proteins promote filopodia formation by stimulating actin polymerization 319 

through WAVE and the Arp2/3 complex (47, 48). Additionally, we analyzed the RNA-Seq data to 320 

identify genes that may be involved in S1PR1-regulated cytoskeletal dynamics in our animal 321 

model. In the KEGG analysis comparing Sham versus susceptible mice and the trend analysis 322 

(Sham versus unsusceptible versus susceptible mice), integrin α2 (encoded by Itga2) was found 323 

to be enriched and downregulated among cell adhesion molecules and regulation of actin 324 

cytoskeleton pathway genes (Figure 8A and 8B). Integrins serve as linkers between the 325 

extracellular matrix and intracellular actin cytoskeleton, mediating cytoskeletal organization (49). 326 

Therefore, we asked whether S1P/S1PR1 induces structural plasticity in susceptible mice by 327 

regulating actin dynamics in the DG. To address this, we verified the expression levels of actin 328 

regulatory proteins, including Rac1, Cdc42, Arp2, Arp3 and Itga2, in 7-day CCI mice (Figure 8C 329 

and 8D), unsusceptible mice, and susceptible mice (Figure 8E and 8F). To figure out the 330 

regulation is specifically S1PR1-dependent, but not through other S1PRs and Rho GTPase, we 331 

also checked the expression level of S1PR2 and Rho GTPase RhoA which interacts with 332 

S1PR2 (28, 47, 50) (Supplemental Figure 9). We observed a significant decreased in the levels 333 

of Rac1, Cdc42, Arp2, Arp3 and Itga2 in susceptible mice, but not in Sham and unsusceptible 334 

mice. As expected, there is no change in the expression level of S1PR2 and RhoA in CCI 335 

animals. To determine whether the reduction in levels of these proteins is associated with 336 

downregulated S1PR1 signaling, we examined lysates of hippocampal DG tissue extracted from 337 

S1PR1 DG conditional knockdown mice, revealing decreased levels of Rac1, Cdc42, Arp2, 338 
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Arp3 and Itga2 as assayed by WB (Figure 8G and 8H). Conversely, S1PR1 overexpression in 339 

the DG led to increased levels of Rac1, Cdc42, Arp2, Arp3 and Itga2 (Figure 8I and 8J). These 340 

data indicate that S1PR1 functions upstream of Rac1, Cdc42, Arp2/3 and Itga2. Given a 341 

previous study suggesting the involvement of an isoform of integrin ITGB4 in S1PR1-mediated 342 

Rac1 activation (51), our results raise the possibility that dysregulated actin rearrangement 343 

elicited by S1PR1 downregulation in the DG may be influenced by Itga2-dependent activation of 344 

the Rac1/Cdc42 signaling cascade and Arp2/3 dependent actin polymerization. 345 

 346 

S1P/S1PR1 regulates actin polymerization by interaction with ITGA2 347 

We then investigated the regulatory role of S1P/S1PR1 signaling in actin polymerization. The 348 

polymerization of monomeric actin (G-actin) into actin filaments (F-actin) to form the actin 349 

cytoskeleton frequently occurs primarily at or near the plasma membrane. The organization of 350 

actin filaments determines the shape, stiffness, and movement of the cell surface and also 351 

facilitates spine morphology and function (52). Thus, we first examined actin polymerization by 352 

quantifying the transition from G-actin to F-actin transition. Densitometric analysis of F-actin/G-353 

actin Western blots (Figure 9A and 9B) indicated a significant decrease in the relative 354 

percentage of F-actin in the DG of susceptible mice compared with that of Sham and 355 

unsusceptible mice. Immunofluorescence observations using a fluorescently conjugated 356 

phalloidin, which binds only to F-actin, revealed that HT-22 mouse hippocampal neuronal cells 357 

with knockdown of S1PR1 had accumulated F-actin aggregates mostly around the nuclei and 358 

lost the majority of the thinner filament bundles (Figure 9C) compared with control cells. 359 

Similarly, we utilized primary hippocampal cells to investigate the neuron morphology and 360 

distribution of F-actin. 361 

We observed less branches and accumulated F-actin aggregates rather than diffused 362 

distribution compared with control cells. Furthermore, we investigated whether S1PR1 regulates 363 

actin polymerization via interaction with ITGA2. We conducted yeast two-hybrid screening in 364 

vitro and a co-immunoprecipitation assay in vivo to examine the interaction between the two 365 

proteins. To identify putative interaction between S1PR1 and ITGA2, the full sequences of 366 

S1PR1 (cloned into the pBT3-STE vector) and ITGA2 (cloned into the pPR3-C vector) were 367 

used as bait and prey, respectively (Supplemental Figure 10A and 10B). The auto-activation 368 

test showed that positive controls (the pNubG-Fe65 and pTSU2-APP vector together) grew on 369 
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the DDO (SD/-Trp/-Leu), TDO (SD/-Trp/-Leu/-His) and QDO (SD/-Trp/-Leu/-His/-Ade) plates. 370 

Meanwhile, the negative control (the pPR3-N and pTSU2-APP vectors together), the pPR3-N 371 

empty vector, and the pBT3-STE vector with s1pr1 grew on the DDO and TDO but not on the 372 

QDO plate (Supplemental Figure 11). These results indicated that S1PR1 did not exhibit auto-373 

activation activity in yeast. Next, a yeast two-hybrid assay was performed by co-transforming 374 

pBT3-STE-s1pr1 and pPR3-C-itga2 in the NMY51 yeast strain. Yeast cells harboring both s1pr1 375 

and itga2 grew vigorously on both DDO media and QDO/X-gal media (Figure 9D). Additionally, 376 

in a CoIP assay, total protein extracts from the mice DG were immunoprecipitated by the anti-377 

S1PR1-specific antibody and analyzed by immunoblotting probed with the anti-S1PR1 and anti-378 

ITGA2 antibodies with immunoglobulin G as the negative control. The in vivo CoIP assay 379 

showed that S1PR1 interacts with ITGA2 in the DG (Figure 9E). The above results indicated 380 

that S1PR1 may physically interact with ITGA2. To determine the functional interaction between 381 

S1PR1 and ITGA2 in regulating chronic pain-related memory impairment, a recombinant adeno-382 

associated virus 2/9 (AAV2/9) expressing a small hairpin RNA targeting ITGA2 was generated 383 

(rAAV-CaMKIIa-EGFP-5’miR-30a-shRNA (Itga2)-3’-miR30a-WPREs, the sequence of shRNA 384 

referred to Supplemental Table 1). Following the schematic experimental procedure shown in 385 

Figure 9F, intra-DG injection of the ITGA2 knockdown virus was conducted (Figure 9G and 386 

Supplemental Figure 6C). We first confirmed the knockdown efficiency of the virus in the 387 

hippocampal DG using WB (Figure 9H). We then examined the effects of knockdown of ITGA2 388 

in the DG on pain threshold and memory performance. Consistent with the effects of S1PR1 389 

knockdown in the DG, compared with mice expressing scramble shRNA, mice expressing 390 

shItga2 in the DG had no effects on the pain sensation (Figure 9I) and worsened memory- 391 

related behaviors in the Y-maze and MWM tests (Figure 9J and 9K). To further demonstrate 392 

that S1PR1 and ITGA2 participate in the same pathway, we knocked down the two proteins at 393 

the same time (Figure 9L and 9M). As expected, it did not elicit addictive effects on behavioral 394 

tests of Y-maze and MWM tests compared to the knockdown of each one of them in isolation 395 

(Figure 9N and 9O). Overall, these findings suggest that DG S1PR1 may govern the 396 

susceptibility of memory impairment by regulating actin polymerization via interaction with 397 

ITGA2. 398 

 399 

Discussion  400 

 401 
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The current study aimed to explore a disease model of chronic pain-related memory impairment 402 

and uncover the molecular underpinnings of both susceptibility to chronic pain-related memory 403 

impairment and factors that promote susceptibility to such variations. We established a 404 

paradigm to segregate mice with chronic pain into memory impairment-susceptible and -405 

unsusceptible subpopulations. Susceptible mice displayed long-lasting memory impairment 21 406 

days after CCI surgery, while unsusceptible mice continued to maintain normal memory 407 

function. Importantly, TEM and Golgi staining assays revealed that susceptible mice exhibited 408 

signs of reduced excitatory synapse formation and abnormal spine morphology in the brain area 409 

of the hippocampal DG involved in cognition/memory. Interestingly, the phenotypic variability in 410 

mice is attributed to dysregulation of S1P/S1PR1/integrin α2 signaling-induced disorganization 411 

of actin cytoskeleton through the Rac1/Cdc42 signaling and Arp2/3 cascade (Figure 10). These 412 

are significant findings that demonstrate with certainty that comorbidity of memory impairment in 413 

complicated chronic pain syndromes has a pathophysiological substrate in the brain that could 414 

be a key therapeutic target for intervention.  415 

Several studies have shown that neuronal plastic changes in the hippocampus are highly 416 

relevant to chronic pain-induced memory impairment. For example, the hippocampal 417 

extracellular matrix (ECM) exhibits aberrated structural synaptic plasticity connected to 418 

deficiencies in working location memory in a mouse model of chronic pain. These deficits are 419 

also correlated with decreased hippocampus dendritic complexity (7). Moreover, rodents with 420 

neuropathic pain show altered short-term synaptic plasticity related to the decrease in 421 

hippocampus volume detected in patients. The anomaly may be the cause of the typical 422 

learning and emotional deficiencies seen in people with chronic pain (11). In addition, the 423 

hippocampus regions involved in the processing of pain information show abnormalities in 424 

neurite arborization, dendritic length, and dendritic spine architecture (53). Consistently, we 425 

found that hippocampal DG neurons displayed decreased excitatory synapses and altered spine 426 

morphology in susceptible mice. Although extensive investigations have proven the link 427 

between hippocampal DG function with memory formation, it remains unclear what regulates 428 

the plastic changes in the hippocampal DG, a well-studied brain area responsible for memory 429 

formation, and how it participates in the modulation of memory impairment in chronic pain. 430 

Interestingly, using RNA-Seq, we detected significant transcriptional downregulation of 431 

sphingolipid metabolism in the DG, which we verified at protein levels due to dysregulation of 432 

S1P/S1PR1 signaling. A previous study found that the expression of S1PR1 is upregulated in 433 
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freshly formed DG cells, which is required for neurite arborization and horizontal-to-radial 434 

repositioning of these cells (31). They also raised a question of whether S1PR1 regulates 435 

mature DGC activity. In the current study, we mainly focused on S1P function in mature DGCs. 436 

We knocked down DG S1PR1 and found that the loss of S1PR1 in the DG induced more 437 

susceptible mice to memory impairment without affecting pain threshold. Additionally, we also 438 

overexpressed DG S1PR1 and noticed that it promoted mice to be unsusceptible to memory 439 

impairment, similarly irrelevant to sensitivity to thermal pain stimuli. These findings imply that 440 

S1PR1 in the DG may exclusively negatively regulate chronic pain-related memory impairment. 441 

Nevertheless, CNS S1PR1 activation has also been reported in conditions with cisplatin-442 

induced cognitive impairment (54), and peripheral administration of either agonist or functional 443 

S1PR1 antagonist can ameliorate spatial memory impairment (40, 55). Herein, the mechanisms 444 

of action of S1PR1 signaling (agonism or antagonism) with regard to the memory performance 445 

remain controversial.  446 

Further, our study pointed out that S1PR1 activation in the DG may not be involved in the 447 

processing of pain. To date, a growing body of evidence has shown that activation of S1P axis 448 

at spinal cord triggers the occurrence of peripheral sensitization of pain. Activation of S1PR1 in 449 

astrocytes in the spinal cord contributes to neuropathic pain (30), and mice with astrocyte-450 

specific alterations of S1PR1 in the spinal cord did not experience neuropathic pain (56). 451 

Additionally, elevated S1P levels at spinal cord injury sites attract macrophages and microglia, 452 

and their activation worsens the inflammatory response (57). Moreover, an S1PR1 antagonist 453 

lessens neuropathic pain induced by spinal cord injury by inhibiting neuroinflammation and glial 454 

scar formation (58). In contrast with the evidence available in the spinal cord, the role of S1P 455 

signaling in higher pain centers is poorly understood (59). The present study provides evidence 456 

that in the hippocampal DG, S1P/S1PR1 signaling is irrelevant to pain perception. 457 

Then how does S1PR1 regulate the structural plasticity in the DG and further affect memory 458 

formation in chronic neuropathic pain? Our study provides a notable insight by uncovering an 459 

integrin α2-dependent modification of the actin cytoskeleton through the activation of the 460 

Rac1/Cdc42 signaling cascade and Arp2/3-dependent actin polymerization. Actin cytoskeleton 461 

rearrangement is associated with synapse formation, spine architecture and function, thus 462 

affecting numerous processes such as memory formation (60-62). Rho GTPases (RhoA, Rac1 463 

and Cdc42) are key regulators of cytoskeleton assembly and are masters in maintaining spine 464 

morphology and memory (63). For example, Rac1 induces branching of actin filaments in 465 
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lamellipodia by mediating actin polymerization via activating the Arp2/3 complex (64-66). Cdc42 466 

is also an important signaling protein for reorganization of actin cytoskeleton and 467 

morphogenesis of cells. Loss of Cdc42 causes deficits in synaptic plasticity and remote memory 468 

recall (67). Given the evidence that S1P/S1PR1 modulates significant cytoskeletal 469 

rearrangements via actin regulatory proteins of Rho GTPases Rac1 and Cdc42, but not through 470 

RhoA which interacts with S1PR2 (28, 47, 50), we therefore examined the expression of Rac1 471 

and Cdc42 at protein levels. Our findings revealed a significant downregulation of Rac1 and 472 

Cdc42 expression in susceptible mice and mice with S1PR1 knockdown in the DG, suggesting 473 

that S1PR1 functions upstream of Rac1 and Cdc42 in the DG. Consistent with this observation, 474 

we detected a downregulation of the actin polymerization modulator Arp2/3 complex. Actin 475 

remodeling involves the dynamic alterations in actin polymerization that contribute to the 476 

structural changes observed at neural synapses. Actin polymerization of the transition of G-actin 477 

into F-actin is crucial for orchestrating all the modifications necessary to facilitate synaptic 478 

communication by increasing spine volume. Conversely, the inability to form F-actin results in 479 

contrasting outcomes of decreased spine volume and diminished synaptic communication (68). 480 

To further elucidate the causal relationship between DG S1PR1 and actin remodeling, we 481 

quantitated F-actin and G-actin in the mouse DG, and generated a S1PR1 knockdown HT-22 482 

cell line to visualize F-actin by phalloidin staining. Our findings in susceptible mice indicate a 483 

significant inhibition of the transition from G-actin to F-actin, suggesting the involvement of 484 

S1P/S1PR1 in DG actin polymerization. RNA-Seq data further revealed that integrin alpha 2 485 

may participate in this regulatory process. Integrins are linkers of the extracellular matrix and 486 

intracellular actin cytoskeleton mediating cytoskeletal organization (69). The concomitant 487 

alteration in expression levels of Itga2 with S1PR1, and the physical and functional analysis 488 

between the two proteins of S1PR1 and ITGA2, indicate their collaboration in the regulation of 489 

cytoskeleton arrangement.  490 

This study has potential limitations. First, the memory performance in the chronic pain model is 491 

exclusively evaluated based on spatial cues which mainly rely on the hippocampal functions. 492 

Further validation using various types of memory tests would strengthen the evidence for the 493 

categorization of mice into susceptible and unsusceptible subgroups. Additionally, the study 494 

would also benefit from a comprehensive exploration on the impact of different types of chronic 495 

pain on memory impairment. Different chronic pains including chronic nociceptive pain, chronic 496 

neuropathic pain, composite pain and chronic psychological pain, have different pathological 497 
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mechanisms and impacts on memories. It is worth noting that preclinical and clinical research 498 

has demonstrated that the influence of pain intensity on memory function in chronic pain 499 

patients remains controversial (70). Thus, future research needs to facilitate the investigation of 500 

differences between the various subtypes of chronic pains and comorbid memory impairment. 501 

Furthermore, the reliance on animal models may limit the generalizability of the findings to 502 

humans. Based on the current data, decreased serum S1P level could be a potential biomarker 503 

for evaluating the susceptibility of memory impairment. In future studies, it would be interesting 504 

to examine whether S1P levels in the serum of patients with pain is associated with memory 505 

impairment. Besides, except for S1PR1 and ITGA2 there are also other potential molecular 506 

targets implicated in this study, more work is needed to define their roles on the disease 507 

occurrence.  508 

In summary, our study develops a paradigm for separating the susceptible and unsusceptible 509 

subgroups to chronic pain-induced memory impairment and delineates the key role of 510 

S1P/S1PR1 signaling in vulnerability to memory impairment. Since there are currently few 511 

pharmacological alternatives for the treatment of the comorbidity, these findings may serve as a 512 

foundation for the development of optimal preventive and therapeutic medications. Additionally, 513 

the strategy this study used to categorize memory impairment susceptibility may inspire new 514 

methods for stratifying patient populations in clinical settings. 515 

 516 

Methods 517 

 518 

Animals. Male C57BL/6J mice (8-10 weeks old) were housed 4-6 per cage with ad libitum 519 

access to food and water, at a constant temperature (22 to 25˚C) and humidity (40% to 60%). 520 

They were kept under a 12:12 light/dark cycle (lights on at 8:00 AM). All animal protocols were 521 

approved by the Animal Care and Use Committee of Xuzhou Medical University (202209S054, 522 

202309T017). 523 

Virus vectors, chemicals, and antibodies. Information for viral vectors, chemicals, and 524 

antibodies used in the present study was listed in Supplemental Tables 1-3. 525 

Chronic neuropathic pain model. Chronic constrictive injury (CCI) of the sciatic nerve was 526 

used to establish chronic neuropathic pain, as described previously (71). Briefly, mice were 527 
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anesthetized by 1% pentobarbital sodium (40 mg/kg, i.p.) and the left sciatic nerve was exposed 528 

by separating the muscles at the mid-thigh level then loosely ligated with three non-absorbable 529 

4-0 slik braided suture proximal to the trifurcation at a 1.0 to 1.5 mm interval. After suturing and 530 

sterilizing, animals were placed in a recovery cage on a heating pad. For the following 531 

behavioral tests, a control group and an experimental group is identical in all respects of 532 

handling and experimental conditions, except for one difference-nerve injury. 533 

Paw withdrawal threshold (PWT). Mechanical allodynia was measured by PWT in a double-534 

blinded manner by using the up and down method with von Frey filaments. Mice were placed on 535 

a wire mesh grid and allowed for 60-minute acclimation. A von Frey hair weighing 0.008 to 2.0 g 536 

was used. The filaments (from 0.16g filament) were perpendicularly applied to the plantar 537 

surface of the left hind paw through the wire mesh grid. Once a positive response is observed, 538 

change the filament to next lowest level. In the absence of a response, move to the next highest 539 

filament. Paw withdrawal, flinching, or paw licking was considered a positive response. 50% 540 

PWT was determined using the “up-down” method. 541 

Paw withdrawal latency (PWL). Thermal hyperalgesia was evaluated by PWL in a double-542 

blinded manner following Hargreaves et al. (72). Briefly, the mice were placed on a glass 543 

platform and allowed for 60-minute acclimation. Thermal stimulation was focused on the plantar 544 

surface of the left hind paw through the glass plate. The time taken to withdraw from the heat 545 

stimulus is recorded for 3 times at an interval of 5 minutes for rest. The average time was 546 

considered as the PWL. Thermal stimulation was no more than 20 seconds. 547 

Behavioral test battery to assess learning and memory. We followed the golden rule that we 548 

start with the least stressful test (Y-maze) and leave the most stressful of all for last (Morris 549 

Water maze). Additionally, we also ensured that between tests the animals have enough resting 550 

time to decrease carryover effects from prior tests. A common order of behavioral tests 551 

associated with learning and memory are Y-maze forced alternation (Y maze in this study), 552 

novel object recognition, Morris water maze, radial arm water maze and Y-maze spontaneous 553 

alternation (73).  554 

Y maze. Testing occurs in a Y-shaped apparatus consisting of 3 white, enclosed arms with 555 

an angle of 120 � from each other, each arm measuring 30 cm in length, 6 cm in width, and 15 556 

cm in height, named the arms of the maze A, B and C. The experiment was started after the 557 

mice had habituated for half an hour in the behavioral chamber, and within 10 min of training, 558 
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after the C-arm (novel arm) was occluded with a white plastic plate, mice were gently placed in 559 

the A-arm so that they were free to explore in both A and B arms. The mice were then returned 560 

to their home cage and allowed to move freely for 1 hour. During the test period (5 min), the C-561 

arm (novel arm) was opened, and the time and distance of the mice's exploration in the three 562 

arms were traced by a video-tracking system. The percent time and distance of mice exploring 563 

in the C-arm (novel arm) were analyzed. 564 

Morris water maze (MWM) test. MWM test was performed in a round tank (100 cm in 565 

diameter and 51 cm in depth) with a small platform (8.5 cm in diameter, submerged 0.5 cm 566 

below water surface). The water was dyed with nontoxic and edible titanium dioxide. A 567 

computerized video tracking system (ANY-maze, Stoelting Co., IL, USA) was located 200 cm 568 

above the center of the tank to record performance. The tank was divided into 4 equal 569 

quadrants, southwest (SW), northwest (NW), northeast (NE) and southeast (SE). The platform 570 

is placed in the center of SW quadrant. Different graphic cues were put up on the walls of the 571 

four orientations to help the mice to build up spatial memory. Mice were trained for 4 days and 572 

tested for 2 days. During acquisition training, four trials were conducted every day, starting from 573 

the NE quadrant. Animals were placed in the water with its head facing the wall of the tank. The 574 

time (s) when the animal touched the underwater platform was recorded. If the time exceeds 575 

60s, guide the animal to the platform and keep them stay for 10 seconds. Hereafter, the animals 576 

were dried and placed into a care cage. The interval between the two training sessions is 15 ~ 577 

20min. On the first test day, escape latency assay and probe trials were given. The animals 578 

were placed in the diagonal quadrant (NE) of the platform quadrant, and the time to reach the 579 

platform and the swimming path of the mice were recorded. On the second text day, the 580 

platform was removed, and the percent time of total 30s of each animal spent in the target 581 

quadrant and the number of platform-site crossovers were recorded as the index of spatial 582 

memory.  583 

Transmission Electron Microscope. Mice were deeply anesthetized by 1% pentobarbital 584 

sodium (40 mg/kg, i.p.) and their brains were collected on the ice to extract dentate gyrus of 585 

hippocampus(1mm*1mm*0.5mm) within one minute. After primary fixation with 4% 586 

paraformaldehyde and 3% glutaric dialdehyde solution at 4°C overnight and post-fixation with 587 

1% osmium tetroxide in 0.1 M sodium phosphate buffer at 37°C for 2 h, tissues were washed 588 

with ddH2O 4 times for 10 minutes each time. Different concentrations of ethanol and acetone 589 

are used to dehydrate the tissues gradiently. Then they were embedded with paraffin at different 590 
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temperatures for 48h. Semithin sections at a 1μm thickness were prepared and stained with 591 

toluidine blue as survey sections and are viewed using a light microscope in order to locate and 592 

trim the regions of hippocampal granule cell layer. Subsequently, ultrathin sections at a 70nm 593 

were obtained and sequentially stained with uranyl acetate and lead citrate for TEM 594 

observation. 4-6 images for each animal were recorded at 6300x magnification, and a counting 595 

frame (5x5 μm2) was placed on each image for counting the number of excitatory synapses and 596 

measuring PSD width and length. 597 

Golgi staining. Golgi staining was performed using FD Rapid Golgi Stain (FD 598 

NeuroTechnologies). Mice were anesthetized by 1% pentobarbital sodium (40 mg/kg, i.p.). 599 

Dissected mouse brains were immersed in solutions A and B in brown bottles for 14 days. The 600 

bottles were rotated occasionally to ensure perfect immersion. 14 days later, brains were 601 

transferred to solution C for 48 hours at 4 ℃ in the dark. The brains were sliced using a 602 

vibratome (Leica) at a thickness of 100 μm and mounted on gelatin coated slides. After 603 

reimmersion in solution C for 2 minutes and subsequent air drying, the brain slices were washed 604 

twice for 4 minutes each with ddH2O and stained with solution D and E for 10 minutes. Stained 605 

brain slices were washed again with ddH2O twice for 4 minutes each and then gone through 606 

gradient dehydration with gradient alcohol (50%, 75%, 95% ,100% ethanol, each 4 minutes). 607 

Fully dehydrated brain slices were washed with xylene 3 times for 4 minutes each and then 608 

mounted by coverslips using neutral gum as mounting media. Slides were stored in room 609 

temperature in the dark. Images of dendritic spines were captured using open field fluorescence 610 

microscope and analyzed with ImageJ and Sholl (74). 611 

Immunohistochemistry. Mice were deeply anesthetized by 1% pentobarbital sodium (40 612 

mg/kg, i.p.) and sequentially perfused with phosphate-buffered saline (PBS) followed by 4% 613 

paraformaldehyde solution. The brains were removed, postfixed with 4% paraformaldehyde 614 

solution at 4°C overnight and dehydrated in 30% sucrose solution for 48-h. Brain slices were 615 

prepared coronally with freezing microtome (VT1000S, Leica Microsystems) at a 30-μm 616 

thickness and were incubated with the blocking buffer containing 1% BSA and 0.1% Triton X-617 

100 in PBS for 2 hours at room temperature and then overnight at 4 �C with the primary 618 

antibodies. After the slices were washed with TBS 3 times for 10 minutes each time, they were 619 

incubated with secondary antibodies for 2 hours at room temperature and followed by washing 620 

with PBS and mounting. After staining, slices were visualized with the laser scanning confocal 621 

microscopy (LSM880; Zeiss).  622 
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Western blotting. Hippocampal dentate gyrus was rapidly stripped and sonicated (BioruptorTM 623 

UCD-200) in RIPA buffer (P0013B, Beyotime Biotechnology) with 1% cocktail (B14001, Bimake) 624 

followed by centrifuge (12000rpm, 15 min). Two DGs from one animal were used for each 625 

sample. Proteins were then electrophoresed in a 10% SDS polyacrylamide gel (PG112, 626 

Shanghai EpiZyme Scientific) and transferred onto a PVDF membrane (IPVH00010, millipore). 627 

The membranes were rinsed in triple and blocked with 5% skim milk before incubation with 628 

primary antibodies (Supplemental Table 3) at 4°C for 12 hours. After washing with TBST, 629 

membranes were incubated with secondary antibodies (Supplemental Table 3) for 2 hrs at room 630 

temperature. The final visualization of the membranes was achieved by ECL Chemiluminescent 631 

(BLH01S100CN, Bioworld). We then used housekeeping protein normalization for normalizing 632 

Western blot data. GAPDH was used as the internal control. The stained blot is imaged, a 633 

rectangle is drawn around the target protein in each lane, and the signal intensity inside the 634 

rectangle is measured by using ImageJ. The signal intensity obtained can then be normalized 635 

by being divided by the signal intensity of the loading internal control (GAPDH) detected on the 636 

same blot. The average of the ratios from the control group is calculated, and all individual ratios 637 

are divided by this average to obtain a new set of values, which represent the normalized 638 

values. 639 

RNA-seq. Sham, unsusceptible and susceptible mice were sacrificed and the DG was rapidly 640 

dissected under RNase-free conditions. Total RNA was extracted using Trizol reagent kit 641 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quality was 642 

assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and 643 

checked using RNase free agarose gel electrophoresis. After total RNA was extracted, 644 

eukaryotic mRNA was enriched by Oligo(dT) beads. Then the enriched mRNA was fragmented 645 

into short fragments using fragmentation buffer and reversely transcribed into cDNA by using 646 

NEBNext Ultra RNA Library Prep Kit for Illumina (NEB #7530, New England Biolabs, Ipswich, 647 

MA, USA). The purified double-stranded cDNA fragments were end repaired, A base added, 648 

and ligated to Illumina sequencing adapters. The ligation reaction was purified with the AMPure 649 

XP Beads (1.0X), and polymerase chain reaction (PCR) amplified. The resulting cDNA library 650 

was sequenced using Illumina Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou, 651 

China). 652 

Stereotaxic surgeries. Mice were deeply anesthetized by 1% pentobarbital sodium (40 mg/kg, 653 

i.p.) and mounted on a stereotaxic apparatus (RWD). A midline incision was made on the scalp 654 
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after disinfection, The skull was leveled and drilled a small hole in the skull with a dental drill. 655 

Virus was bilaterally injected into the DG of hippocampus (-1.3 A/P, ±1.95 M/L, and -2.02 D/V) 656 

by a 5ul Hamilton syringe at a rate of 0.1 μl/min by a microinjection pump (Harvard Apparatus, 657 

Holliston, MA). For the infusion of S1PR1 agonist, guide cannula (internal diameter 0.34 mm, 658 

RWD) was unilaterally implanted into DG of hippocampus (-1.3 A/P, -1.95 M/L, and -2.02 D/V). 659 

After surgery, the mice were placed on a hot blanket for 1 hour and returned to the home cages. 660 

Local infusion. To deliver S1PR1 agonist SEW2871(0.7μM in 200nL) to the hippocampal DG, 661 

10μl syringe (Hamilton) connected to an internal stainless-steel syringe and infusion pump 662 

inserted into a guide cannula were used. SEW2871 was delivered into the right DG of 663 

hippocampus at a flow rate of 100 nl/min. For multiple infusions, mice 664 

were deeply anesthetized by 1% pentobarbital sodium (40 mg/kg, i.p.). 665 

Cell culture, transfection and flow cytometry sorting. HT-22 (HT-22 mouse hippocampal 666 

neuronal cell line) cells were maintained in Dulbelcco’s modified Eagle’s medium supplemented 667 

with 10% (vol/vol) fetal bovine serum (Invitrogen) in 5% CO2 atmosphere at 37 °C. The cell 668 

culture was around 70% confluent before transfection in a 6-well plate. Cells were incubated 669 

with transfection solution containing viruses (AAV-U6-shRNA(scramble)-GFP and AAV-U6-670 

shRNA(s1pr1)-GFP) and polyrene in serum-free medium at 37 °C for 8 hours. The media were 671 

changed to fresh growth medium with serum post transfection. The transfection efficiency was 672 

determined as the percentage of cells expressing GFP in the entire cell population. In order to 673 

harvest the stable s1pr1 knock-down virus transfected cell line, we conducted flow cytometry 674 

sorting. Briefly, we discarded the original medium of the adherent cultured AAV-U6-675 

shRNA(scramble)-GFP- and AAV-U6-shRNA(s1pr1)-GFP-transfected HT-22 cells, washed with 676 

sterilized 1×PBS once, added EDTA-free trypsin to digest for 3 minutes, and terminated the 677 

digestion by an equal volume of serum-containing medium. Subsequently, the cell suspension 678 

was collected, centrifuged at 600 rpm for 4 min. The supernatant was discarded and 679 

resuspended with sterilized 1xPBS into flow tubes. GFP-positive cells (transfected cells) were 680 

sorted out by flow cytometry (Beckman CytoFLEX SRT, Beckman) for subsequent experimental 681 

processes. 682 

In vivo co-immunoprecipitation assay. Dentate gyrus tissues were carefully dissected, lysed 683 

in RIPA buffer (P0013B, Beyotime Biotechnology) with 1× Protease inhibitor cocktail (B14001, 684 

Bimake), sonicated (Diagenode, UCD-200) and centrifuged at 12000 rpm for 15 min at 4°C. The 685 

supernatant was taken for the co-immunoprecipitation assay using BeaverBeads® Protein A 686 

Immunoprecipitation Kit (Beaver, 22202-20) following the manufacturer’ s instructions. Briefly, 687 
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30 μl Protein A beads were mixed with 5μg/mL anti-S1PR1 antibody (Abcam, Ab259902) and 688 

incubated with gentle rotation at room temperature for 15 min. Beads were pelleted and washed 689 

twice. Then the beads and the supernatant were incubated with rotation at room temperature for 690 

1 h. The bound proteins were eluted from the beads with 1× Protein Loading Buffer by boiling at 691 

95°C for 5 min. Protein samples were then separated and immunoblotted with anti-ITGA2 692 

antibody (Bioss, bsm-52613R) by Western Blot. 693 

Split-ubiquitin membrane-based Yeast two-hybrid system. In this ubiquitin system, 694 

ubiquitin, a protein composed of 76 amino acid residues that can mediate the ubiquitination 695 

degradation of target proteins by proteasomes, is split into two domains, namely Cub at the C-696 

terminus and NbuG at the N-terminus, which are fused and expressed with the bait protein 697 

“Bait” and the prey protein “Prey”, respectively. Here, the coding region of s1pr1 was fused to 698 

the “bait” pBT3-STE vector (Clontech) cloning at Sfi IA (5′-GGCCATTACGGCC-3′) and Sfi IB 699 

(3′-GGCCGCCTCGGCC-5′) sites. Full-length of itga2 was inserted into the Sfi IA (5′-700 

GGCCATTACGGCC-3′) and Sfi IB (3′-GGCCGCCTCGGCC-5′) sites of the “prey” pPR3-C 701 

vector (Clontech). At the same time, Cub is also fused with transcription factor LEXa-VP16. If 702 

Bait and Prey proteins could bind, Cub and NbuG would be brought together and a complete 703 

ubiquitin would be formed, which would be recognized by the proteasome and the fused 704 

transcription factor would be cut off and enter the cell nucleus to activate the expression of the 705 

reporter gene. Series of combinations of bait and prey constructs were cotransformed into the 706 

yeast strain NMY51 (Clontech), and different concentrations of bacterial liquid were growing 707 

onto SD/-Trp/-Leu plates for 3 d at 30°C, interactions between baits and preys were examined 708 

on the selective medium SD/-Leu/-Trp/-His/-Ade. The blue colonies were chosen as candidates 709 

for possible interaction. The pNubG-Fe65 and pTSU2-APP vectors were served as positive 710 

controls, while the pPR3-N and pTSU2-APP were served as a negative control. Detailed 711 

procedures were conducted following the manufacturer’ s instructions (Clontech). 712 

k-means algorithm. k-means algorithm is used to partition the dataset into pre-defined number 713 

of clusters. Each data point belongs to a single group based on the distance between their 714 

centroids. The centroid is either the mean or median of all the points within the cluster 715 

depending on the characteristics of the data. The main procedures for k-means algorithm are as 716 

follows: (1) determine the k, namely group numbers; (2) Randomly assign a centroid to each of 717 

the k clusters; (3) Calculate the distance of all data to each of the k centroids; (4) Assign data to 718 

the closest centroid; (5) Update the centroid by taking the mean of all the points in each cluster; 719 
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(6) Repeat steps (3)-(5) until convergence; (7) The algorithm outputs the final cluster centroids 720 

and the assignment of each data point to a cluster. For categorization the mice into susceptible 721 

and unsusceptible groups (2 groups), we analyzed results from Y-maze and MWM tests using 722 

the k-means clustering algorithm and determine the k as 2. After assigning each data point to its 723 

closest k-center, we drew a median between both the centroids as a cutoff value. One cluster, 724 

including mice displaying a ratio of time more than the cutoff value, was defined as the 725 

unsusceptible mouse cluster. The other cluster, including mice exhibiting a ratio of time less 726 

than the cutoff value, was defined as the susceptible mouse cluster.  727 

Statistics. The mice were assigned randomly to either the control group or the experimental 728 

group for each experiment. Data are presented as mean ± s.e.m. The summarized data in the 729 

violin plots were presented as the median (indicated by the bold dash line) along with the 25th 730 

and 75th percentiles (indicated by the slim dash line). K-Means cluster analysis was used to 731 

partition a given data set into a set of k groups (In this study, k=2). Unpaired Student’s t-test 732 

was used to compare the mean of two independent groups. One-way analysis of variance 733 

(ANOVA) with post hoc Tukey’s multiple comparisons was used to examine the differences in 734 

the means of three or more groups. Two-way analysis of variance (ANOVA) with post hoc 735 

Tukey’s multiple comparisons was employed to determine the mean of a quantitative variable 736 

changes according to the levels of two independent variables. Statistical significance is 737 

indicated by asterisks as * p <0.05, ** p < 0.01 and *** p < 0.001. Statistical analyses were 738 

performed using GraphPad Prism 9.0. and SPSS V22. Notably, every experiment was carried 739 

out a minimum of three times to make sure the results were consistent throughout the 740 

manuscript. 741 

 742 

Figure legends 743 

Figure 1. Segregation of mice with chronic pain into susceptible and unsusceptible 744 

subpopulations to memory impairment. (A) Timeline of CCI surgery, pain threshold tests, Y-745 

maze test and MWM training. (B) Representative travelling traces and statistical results of Y 746 

maze test showing distance and percent time in the novel arm (Red) in CCI-Acute mice (6d post 747 

CCI, n = 8-21). (C) Representative travelling traces and statistical results of MWM training 748 

showing escape latency and percent time in the quadrant in CCI-Acute mice (11d post CCI, n = 749 

8-21). (D) Representative travelling traces and statistical results of Y maze test showing 750 

distance and percent time in the novel arm (Red) in CCI-Chronic mice (22d post CCI, n = 8-21). 751 

(E) Horizontal scatterplot depicting the distribution of ratio of time in novel arm for Sham, 752 
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susceptible (S), and unsusceptible (U) mice in Y maze test. Bar graph represents the ratio of S 753 

and U mice in CCI-Chronic mice (22d post CCI, n = 71-152). (F) Representative travelling traces 754 

and statistical results of MWM training showing escape latency and percent time in the quadrant 755 

in CCI-Chronic mice (27d post CCI, n = 8-21). (G) Horizontal scatterplot depicting the 756 

distribution of ratio of time in the quadrant for Sham, S, and U mice in MWM training. Bar graph 757 

represents the ratio of S and U mice in CCI-Chronic mice (27d post CCI, n = 71-152). (H) Time 758 

in novel arm versus percent time in quadrant, for 152 CCI-Chronic mice. Each dot corresponds 759 

to one mouse. Colors of dots correspond to the groups of U in Y maze test but S in MWM (Red), 760 

U in both Y maze and MWM (Grey), S in Y maze test but U in MWM (Blue), and S in both Y 761 

maze and MWM(Yellow), respectively. Bar graph represents the ratio of each group in CCI-762 

Chronic mice (n=152). (I) PWLs before and after administration of meloxicam (10mg/kg, i.p., n = 763 

10-20). (J) Statistical results of MWM training showing escape latency and percent time in the 764 

quadrant in 27d CCI mice before meloxicam administration (10mg/kg, i.p., n = 10-20). (K) 765 

Performance of CCI mice in Y maze test before and after meloxicam administration (10mg/kg, 766 

i.p.). Bar graph (right) represents the ratio of U and S on 22d, 36d and 43d after CCI (n = 10-767 

20). Data were analyzed by unpaired t test or one-way analysis of variance (one-way ANOVA), 768 

followed by post hoc Tukey’s multiple comparisons between multiple groups when appropriate. 769 

All data are presented as the mean ± s.e.m. ns, not significant; *p < 0.05; **p < 0.01; ***p < 770 

0.001. CCI, chronic constrictive injury; d, day; MWM, Morris water maze; PWL, paw withdrawal 771 

latency; PWT, paw withdrawal threshold; U, unsusceptible; S, susceptible. 772 

 773 

Figure 2. S1PR1 expression is decreased in the hippocampal DG of susceptible mice. (A) 774 

Volcano plot showing RNA-Seq data for DG from Sham versus susceptible mice. DEGs are 775 

designated in red (upregulation [up]) and blue (downregulation [down]) and defined as having 776 

an FDR of less than 0.05. (B) Bar plot showing significant enrichment of DEGs in various 777 

pathways related with metabolism for Sham versus susceptible mice. (C) Relative expression 778 

levels are shown for genes related with lipid metabolism upon susceptible as compared with 779 

Sham. (D) Trend pattern used for analysis of Sham versus U versus S. (E) Bubble diagram 780 

represents the top 10 enrichment of KEGG pathways. (F-I) Example Western bands (F) and 781 

densitometric comparison (H) of the average expression of S1PR1 in DG lysates from Sham 782 

and CCI-Acute mice (7d post CCI). Lane1-6 represent Sham, Lane 7-12 represent CCI-Acute (n 783 

= 6); Example Western bands (G) and densitometric comparison (I) of the average expression 784 
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of S1PR1 in DG lysates from Sham, U and S mice. Lane1-4 represent Sham, Lane 5-8 785 

represent U, and Lane 9-12 represent S (n = 4). Data were analyzed by unpaired t test or one-786 

way analysis of variance (one-way ANOVA), followed by post hoc Tukey’s multiple comparisons 787 

between multiple groups when appropriate. All data are presented as the mean ± s.e.m. ns, not 788 

significant; ***p < 0.001. CCI, chronic constrictive injury; d, day; U, unsusceptible; S, 789 

susceptible. 790 

 791 

Figure 3. S1PR1 knockdown in the DG induces memory impairment. (A) Timeline of intra-792 

DG virus injection, CCI surgery, pain threshold tests, Y maze test and MWM training. (B) A 793 

confocal image showing virus expression in the DG (Scale bar, 100 μm). (C) Example Western 794 

bands showing efficient S1PR1 knockdown in the DG lysates from Sham-Scramble, Sham-795 

shs1pr1, CCI-Scramble, and CCI-shs1pr1. Densitometric comparison of the average expression 796 

of S1PR1 (n = 6). (D) Pain threshold in Sham- and CCI-treated mice subjected to 797 

Scramble/shs1pr1 in the DG (n = 8-10). (E) Quantitative summary of Y-maze showing distances 798 

traveled and time spent in the novel arm in Sham- and CCI-treated mice subjected to 799 

Scramble/shs1pr1 in the DG (n = 10-16). (F) Quantitative summary of MWM training showing 800 

escape latency and time spent in the quadrant in Sham- and CCI-treated mice subjected to 801 

Scramble/shs1pr1 in the DG (n = 10-16). (G) Ratio of U and S in CCI-Scramble and CCI-802 

shs1pr1 mice. Data were analyzed by one-way analysis of variance (one-way ANOVA), followed 803 

by post hoc Tukey’s multiple comparisons between multiple groups. All data are presented as 804 

the mean ± s.e.m. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, chronic 805 

constrictive injury; MWM, Morris water maze; PWL, paw withdrawal latency; PWT, paw 806 

withdrawal threshold; U, unsusceptible; S, susceptible. 807 

 808 

Figure 4. Overexpression of S1PR1 in the DG rescues chronic pain-induced memory 809 

impairment. (A) Timeline of intra-DG virus injection, CCI surgery, pain threshold tests, Y maze 810 

test and MWM training. (B) A confocal image showing virus expression in the DG (Scale bar, 811 

100 μm). (C) Example Western bands showing efficient S1PR1 overexpression in the DG 812 

lysates from Sham-Scramble, Sham-mimic, CCI-Scramble, and CCI-mimic. Densitometric 813 

comparison of the average expression of S1PR1 (n = 6). (D) Pain threshold in Sham- and CCI-814 

treated mice subjected to Scramble/mimic in the DG (n = 8-10). (E) Quantitative summary of Y-815 

maze showing distances traveled and time spent in the novel arm in Sham- and CCI-treated 816 
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mice subjected to Scramble/mimic in the DG (n = 10-16). (F) Quantitative summary of MWM 817 

training showing escape latency and time spent in the quadrant in Sham- and CCI-treated mice 818 

subjected to Scramble/mimic in the DG (n = 10-16). (G) Ratio of U and S in CCI-Scramble and 819 

CCI-shs1pr1 mice. Data were analyzed by one-way analysis of variance (one-way ANOVA), 820 

followed by post hoc Tukey’s multiple comparisons between multiple groups. All data are 821 

presented as the mean ± s.e.m. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, 822 

chronic constrictive injury; MWM, Morris water maze; PWL, paw withdrawal latency; PWT, paw 823 

withdrawal threshold; U, unsusceptible; S, susceptible. 824 

 825 

Figure 5. Local infusion of SEW2871 in the DG prevented the presence of chronic pain-826 

induced memory impairment. (A) Timeline of cannula implant, CCI surgery, pain threshold 827 

tests, Y maze test and MWM training. (B) Confocal image showing cannula implanted in the DG 828 

(Scale bar, 100 μm). (C) Example Western bands showing expression of S1PR1 in DG lysates 829 

from Sham-Vehicle, Sham-SEW2871, CCI-Vehicle, and CCI-SEW2871. Densitometric 830 

comparison of the average expression of S1PR1 (n = 6). (D) Pain threshold in Sham- and CCI-831 

treated mice subjected to local infusion of vehicle/SEW2871 in the DG (n = 8-10). (E) 832 

Quantitative summary of Y-maze showing distances traveled and time spent in the novel arm in 833 

Sham- and CCI-treated mice subjected to local infusion of vehicle/SEW2871 in the DG (n = 10-834 

16). (F) Quantitative summary of MWM training showing escape latency and time spent in the 835 

quadrant in Sham- and CCI-treated mice subjected to local infusion of vehicle/SEW2871 in the 836 

DG (n = 10-16). (G) Ratio of U and S in CCI-vehicle and CCI-SEW2871 mice. Data were 837 

analyzed by one-way analysis of variance (one-way ANOVA), followed by post hoc Tukey’s 838 

multiple comparisons between multiple groups. All data are presented as the mean ± s.e.m. ns, 839 

not significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, chronic constrictive injury; DG, dentate 840 

gyrus; U, unsusceptible; S, Susceptible. 841 

 842 

Figure 6. Susceptible mice exhibit altered excitatory synaptic plasticity in the 843 

hippocampal dentate gyrus. (A) Representative TEM images of synapses in the DG in Sham 844 

and CCI-Chronic mice (27d post CCI). Blue indicates presynaptic site and yellow indicates 845 

postsynaptic sites of excitatory synapses, respectively. Synaptic densities are bracketed by 846 

arrows (Scale bar, 500 nm). (B) Mean number of excitatory synapses per μm2 of DG in Sham, 847 

unsusceptible and susceptible mice (n = 18-24 from 4 mice/group). (C) Cumulative distribution 848 
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plots for the lengths and widths of postsynaptic density in the DG in Sham, unsusceptible and 849 

susceptible mice (n = 102-156 from 4 mice/group). (D) Representative Golgi-staining images of 850 

dendritic spine morphology from the DG in Sham, unsusceptible and susceptible mice (Scale 851 

bar, top:50 μm; bottom:10μm). (E) The number of intersections of all dendritic branches in 852 

Sham, unsusceptible and susceptible mice (n = 15-18 from 4 mice/group). (F) Violin plots 853 

indicate the total dendritic length. (G) Violin plots indicate the number of mushroom/stubby type 854 

dendritic spines (left), and the number of thin/filopodia type dendritic spines (right) in Sham, 855 

unsusceptible and susceptible mice (n = 15-18 from 4 mice/group). Data were analyzed by one-856 

way analysis of variance (one-way ANOVA), followed by post hoc Tukey’s multiple comparisons 857 

between multiple groups when appropriate. All data are presented as the mean ± s.e.m. ns, not 858 

significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, chronic constrictive injury; TEM, 859 

transmission electron microscope. 860 

 861 

Figure 7. Overexpression of S1PR1 or local infusion of SEW2871 in the DG maintained 862 

the synaptic structural plasticity. (A) Representative TEM images of synapses in the DG in 863 

Sham- and CCI-treated mice subjected to Scramble/mimic in the DG. Blue indicates presynaptic 864 

site and yellow indicates postsynaptic sites of excitatory synapses, respectively. Synaptic 865 

densities are bracketed by arrows (Scale bar, 500 nm). (B) Mean number of excitatory 866 

synapses per μm2 of DG in Sham- and CCI-treated mice subjected to Scramble/mimic (n = 18-867 

24 from 4 mice/group). (C) Cumulative distribution plots for the lengths and widths of 868 

postsynaptic density in the DG in Sham- and CCI-treated mice subjected to Scramble/mimic in 869 

the DG (n = 121-162 from 4 mice/group). (D) Representative Golgi-staining images of dendritic 870 

spine morphology from the DG in Sham- and CCI-treated mice subjected to Scramble/mimic in 871 

the DG (Scale bar, top: 50 μm; bottom:10 μm). (E) The number of intersections of all dendritic 872 

branches in Sham- and CCI-treated mice subjected to Scramble/mimic in the DG (n = 18-24 873 

from 4 mice/group). (F) Violin plots indicate the total dendritic length (n = 18-24 from 4 874 

mice/group). (G) The number of mushroom/stubby type dendritic spines (left), and the number 875 

of thin/filopodia type dendritic spines (right) in the DG of in Sham- and CCI-treated mice 876 

subjected to Scramble/mimic in the DG (n = 18-24 from 4 mice/group). (H) Representative TEM 877 

images of synapses in the DG in Sham- and CCI-treated mice subjected to local infusion of 878 

vehicle/SEW2871 in the DG. Blue indicates presynaptic site and yellow indicates postsynaptic 879 

sites of excitatory synapses, respectively. Synaptic densities are bracketed by arrows (Scale 880 
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bar, 500 nm). (I) Mean number of excitatory synapses per μm2 of DG in Sham- and CCI-treated 881 

mice subjected to local infusion of vehicle/SEW2871 (n = 18-24 from 4 mice/group). (J) 882 

Cumulative distribution plots for the lengths and widths of postsynaptic density in the DG in 883 

Sham- and CCI-treated mice subjected to local infusion of vehicle/SEW2871 in the DG (n = 884 

121-162 from 4 mice/group). (K) Representative Golgi-staining images of dendritic spine 885 

morphology from the DG in Sham- and CCI-treated mice subjected to local infusion of 886 

vehicle/SEW2871 in the DG (Scale bar, top: 50 μm; bottom:10 μm). (L) The number of 887 

intersections of all dendritic branches in Sham- and CCI-treated mice subjected to local infusion 888 

of vehicle/SEW2871 in the DG (n = 18-24 from 4 mice/group). (M) Violin plots indicate the total 889 

dendritic length (n = 18-24 from 4 mice/group). (N) The number of mushroom/stubby type 890 

dendritic spines (left), and the number of thin/filopodia type dendritic spines (right) in the DG of 891 

in Sham- and CCI-treated mice subjected to local infusion of vehicle/SEW2871 in the DG (n = 892 

18-24 from 4 mice/group). Data were analyzed by one-way analysis of variance (one-way 893 

ANOVA), followed by post hoc Tukey’s multiple comparisons between multiple groups. All data 894 

are presented as the mean ± s.e.m. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, 895 

chronic constrictive injury; DG, dentate gyrus; TEM, transmission electron microscope. 896 

 897 

Figure 8. Susceptible mice, S1PR1-knockdown mice and S1PR1 overexpression mice 898 

exhibit altered CDC42/RAC1 activity, ARP2/3-dependent actin signaling and engage 899 

ITGA2 in the DGCs. (A) Bubble diagram showing significant enrichment of DEGs in top 20 900 

KEGG pathways for Sham versus susceptible mice. (B) Bubble diagram represents the top 20 901 

enrichment of KEGG pathways using analysis of Sham versus U versus S. (C) Example 902 

Western bands showing expression of RAC1, CDC42, ARP2, ARP3, and ITGA2 in DG lysates 903 

from Sham and CCI-Acute mice (7d post CCI). (D) Densitometric comparison of the average 904 

expression of RAC1, CDC42, ARP2, ARP3 and ITGA2 (n = 6). (E) Example Western bands 905 

showing expression of RAC1, CDC42, ARP2, ARP3, and ITGA2 in DG lysates from Sham, U 906 

and S mice. (F) Densitometric comparison of the average expression of RAC1, CDC42, ARP2, 907 

ARP3 and ITGA2 (n = 6). (G) Example Western bands showing expression of RAC1, CDC42, 908 

ARP2, ARP3, and ITGA2 in DG lysates from in Sham- and CCI-treated mice subjected to 909 

Scramble/shs1pr1 in the DG. (H) Densitometric comparison of the average expression of RAC1, 910 

CDC42, ARP2, ARP3 and ITGA2 (n = 6). (I) Example Western bands showing expression of 911 

RAC1, CDC42, ARP2, ARP3, and ITGA2 in DG lysates from in Sham- and CCI-treated mice 912 
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subjected to Scramble/s1pr1-mimic in the DG. (J) Densitometric comparison of the average 913 

expression of RAC1, CDC42, ARP2, ARP3 and ITGA2 (n = 6). Data were analyzed by unpaired 914 

t test or one-way analysis of variance (one-way ANOVA), followed by post hoc Tukey’s multiple 915 

comparisons between multiple groups when appropriate. All data are presented as the mean ± 916 

s.e.m. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. CCI, chronic constrictive injury; 917 

DG, dentate gyrus; U, unsusceptible; S, Susceptible. 918 

 919 

Figure 9. S1PR1 regulates actin polymerization by interaction with ITGA2. (A-B) 920 

Quantification of F/G-actin ratio in dentate gyrus of Sham, U and S mice by Western blot. (C) 921 

Phalloidin staining of F-actin showing the simple cytoskeleton of s1pr1-/- knockdown HT-22 922 

cells and primary hippocampal neurons in comparison to highly organized actin fibers present 923 

within scramble HT-22 cells and primary hippocampal neurons (Scale bar, 50 μm). (D) 924 

Interaction between s1pr1 and itga2 in a yeast two-hybrid system. pNubG-Fe65 and pTSU2-925 

APP were used as a pair of positive control. pPR3-N and pTSU2-APP were used as a negative 926 

control. DDO, SD/-Trp/-Leu; QDO, SD/-Trp/-Leu/-His/-Ade. (E) In vivo co-immunoprecipitation 927 

assay shows that S1PR1 interacts with ITGA2 in the dentate gyrus of mice. Total protein 928 

extracts were immunoprecipitated by the anti-S1PR1-specific antibody and analyzed by 929 

immunoblot probed with the anti-S1PR1 and anti- ITGA2 antibodies. Immunoglobulin G was 930 

used as the negative control. (F) Timeline of intra-DG virus injection, CCI surgery, pain 931 

threshold tests, Y maze test and MWM training. (G) A confocal image showing virus expression 932 

in the DG (Scale bar, 100 μm). (H) Example Western bands showing efficient ITGA2 knockdown 933 

in the DG lysates from Sham-Scramble, Sham-shitga2, CCI-Scramble, and CCI-shitga2. 934 

Densitometric comparison of the average expression of S1PR1 (n = 3). (I) Pain threshold in 935 

Sham- and CCI-treated mice subjected to Scramble/shitga2 in the DG (n = 10-20). (J) 936 

Quantitative summary of Y-maze showing distances traveled and time spent in the novel arm in 937 

Sham- and CCI-treated mice subjected to Scramble/shitga2 in the DG (n = 10-19). (K) 938 

Quantitative summary of MWM training showing escape latency and time spent in the quadrant 939 

in Sham- and CCI-treated mice subjected to Scramble/shitga2 in the DG (n = 9-20). (L) Timeline 940 

of intra-DG virus injection, Y maze test and MWM training. (M) A confocal image showing virus 941 

expression in the DG (Scale bar, 100 μm). (N) Quantitative summary of Y-maze showing 942 

distances traveled and time spent in the novel arm in WT mice subjected to 943 

Scramble/shs1pr1/shitga2/shs1pr1+shitga2 in the DG (n = 10). (O) Quantitative summary of 944 
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MWM training showing escape latency and time spent in the quadrant in WT mice subjected to 945 

Scramble/shs1pr1/shitga2/shs1pr1+shitga2 in the DG (n = 10). Data were analyzed by one-way 946 

analysis of variance (one-way ANOVA), followed by post hoc Tukey’s multiple comparisons 947 

between multiple groups. All data are presented as the mean ± s.e.m. ns, not significant; *p < 948 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CCI, chronic constrictive injury; d, day; MWM, 949 

Morris water maze; PWL, paw withdrawal latency; PWT, paw withdrawal threshold; DG, dentate 950 

gyrus; U, unsusceptible; S, susceptible. 951 

 952 

Figure 10. Schematic representation of S1P/S1PR1 mediated susceptibility to chronic 953 

pain related memory impairment. (A) Mice subjected to chronic pain can be separated into 954 

memory impairment susceptible and unsusceptible subpopulations 21 days post CCI. (B) 955 

Structural synaptic plasticity is mainly regulated by the actin cytoskeleton organization. In the 956 

DGCs of Sham/unsusceptible mice, S1P/S1PR1 signaling mediates actin dynamics via Itga2-957 

dependent activation of the Rac1/Cdc42 signaling cascade and Arp2/3 dependent actin 958 

polymerization, whereas in susceptible mice dysregulation of S1P/S1PR1 signaling in the DGCs 959 

leads to defective actin cytoskeleton organization which alters the synaptic plasticity. CCI, 960 

chronic constrictive injury; DGCs, dentate granule cells. 961 
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